Comparison of oxygen-chain models for late thermal double donors in silicon
Y. J. Lee The electronic and atomic structures of the oxygen chains assigned to late thermal double donors ͑TDDs͒ in silicon are studied using accurate total-energy calculations. We find that the ring-type O-chain model is best suited for TDDs and better than the di-Y-lid-type O-chain model. The ring-type O chains have slightly alternating C 2v -C 1h symmetry consistent with the recent high-field electron paramagnetic resonance experiments. The spin densities of the double-donor states are located outside the region of the O atoms, which makes the hyperfine interaction of an unpaired donor electron with the Thermal double donors ͑TDDs͒ in silicon form a family of at least 17 closely related members ͑TDD0-TDD16͒, [1] [2] [3] and appear consecutively under thermal heating of Czochralski-grown silicon at 350-550°C. 1, 4 The TDDs are usually believed to consist of aggregated oxygen atoms. According to the interpretations of the electron paramagnetic resonance ͑EPR͒, electron-nuclear double resonance ͑ENDOR͒ and infrared ͑IR͒ absorption experiments, the TDDs have the following microscopic properties:
͑i͒ Atomic structure. The TDDs have overall C 2v symmetry from TDD3 onwards, with the O atoms lying in the same ͑110͒ mirror plane and the C 2 symmetry axis pointing in the ͓001͔ direction. [5] [6] [7] [8] If the C 2v symmetry is to be strictly preserved during the growth of the TDDs, the O atoms should be added symmetrically in pairs. [5] [6] [7] [8] [9] However, it is more natural to assume that the O atoms are added one by one in which case the C 2v and C 1h symmetries would occur alternately. [5] [6] [7] 9 There are indeed indications from high-field EPR experiments that some TDD members have lower C 1h symmetry, similar to what has been found for the closely related NL10 family. 8, 9 In addition, the C 2 symmetry axis does not contain any single O atom but contains a Si atom. 6, 7 Also, the IR absorption experiments indicate that the TDD structures become increasingly anisotropic for successively higher TDD numbers. 10 ͑ii͒ Electronic structure. The spin densities of the double-donor states of TDD ϩ s should become increasingly delocalized for higher order members. 6, 7 Similarly, the increase of the experimental IR 2p Ϯ splittings indicates that the donor wavefunctions of TDDs become increasingly anisotropic for successively higher TDD numbers. 10 In addition, it seems that the double-donor wavefunction has less extent along the ͓001͔ axis (C 2 symmetry axis͒ than the other directions. 13, 14 (n is used to label the TDDs, and in the context of R-type chains n gives also the number of O r ). This same R-type O-chain model was also adopted in the recent study by Coutinho et al. 16 ͑called O-2NN there͒. However, their TDD assignments differ from ours, which is discussed in more detail in Ref. 17 .
We found from an earlier study up to Nϭ10, that the O 4i -O 2Y -O 4i chain (Nϭ10) possibly has a lower formation energy than the O i -O 8r -O i chain (Nϭ10). 13 This indicates that some or all later TDDs (nу8) may have the di-Y-lid chain structure. The aim of this letter is to compare calculated formation energies as well as electronic and atomic structures for O chains assigned to later TDDs (Nу10). The computational methods used are presented in Ref. 17 . In particular, the longest elongated 162-atom-site supercell is used.
We have found that all structures containing Si interstitials or vacancies have significantly higher formation energies than oxygen-only structures, and that among the oxygen-only structures, the electrically active R-and di-Ylid-type O chains as well as the electrically inactive staggered O chains have the lowest formation energies. These energies are shown for the neutral and doubly positively charged O chains in Figs. 1͑a͒ and 6, 19 and that the analysis of the 17 O ENDOR lines reveals almost no hyperfine interaction, the line splitting being almost entirely due to quadrupole interaction. 7 Figures 2͑a͒-2͑c͒ show that the spin density of the donor state of the O i -O nr -O i ϩ chain has less extent along the C 2 symmetry axis than along the ͓11 0͔ chain direction, and becomes increasingly delocalized and anisotropic with increasing n, in agreement with 29 Si ENDOR experiments 6, 7 and the IR absorption experiment. 10 Moreover, the O-chain structures in Figs. 2͑b͒ and 2͑c͒ contain a Si atom on the C 2 symmetry axis in agreement with 29 Si ENDOR experiments. 6, 7 However, the existence of a single O atom on the C 2 symmetry axis is in disagreement with the interpretation of 17 O ENDOR experiments. 6, 7 However, this 17 O EN-DOR result may be somewhat uncertain because, as mentioned earlier, the 17 O hyperfine interaction almost vanishes. 
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The Si ENDOR experiments. 6, 7 In addition, since the spin densities of the double-donor states of di-Y-lid-type O chains are significant at the O atoms ͓Figs. 2͑e͒-2͑g͔͒, there should be no difficulty in finding the 17 O hyperfine splitting in EPR experiments, which is contrary to experimental findings. 6, 7, 19 In conclusion, we find that the R-type O chains provide a consistent model for the TDDs. This model transcends those based on the di-Y-lid-type O chains because R-type O chains ͑i͒ have lower formation energies; ͑ii͒ have both increasingly delocalized spin densities of the double-donor states and increasing structural anisotropy, in agreement with experiments; and ͑iii͒ have much lower activation energies for migration which leads, when these energies are used in a kinetic model, to a close agreement with the experimentally found consecutive kinetics of TDDs. 14, 18, 20, 21 Both the atomic structure and the spin density of the R-type O i -O nr -O i chains display alternating C 2v -C 1h symmetry, which is consistent with recent high-field EPR experiments. The spin densities of the double-donor states are located outside the region of the O atoms, consistent with the fact that the 17 O ENDOR lines show almost no hyperfine interaction. Finally, we recall that the calculated local vibrational mode frequencies for the O 2i -O 2r and O i -O nr -O i (2рnр4) chains agree closely with the experimental frequencies for TDD1-TDD4. 17,22,23, This work has been supported by the Academy of Finland through the Center of Excellence Program ͑2000-2005͒. The authors wish to thank Prof. M. J. Puska for many valuable discussions. We acknowledge the generous computing resources of the Center for Scientific Computing, Espoo, Finland.
